Introduction
Reservoir porosity and permeability are critical parameters for oil and gas exploration and production. Most previous attempts at reservoir quality prediction have relied on physical simulation or numerical simulation after empirical correlations to understand the variation laws of the physical properties of sandstone reservoirs in the process of diagenesis (Wood and Byrnes, 1994) . The compaction-tectonic subsidence models in sedimentary basin are constructed (Marc et al., 1993; David et al., 2001) . Based on dynamic equations and thermodynamic equations, models of single mineral diagenesis are established and used to calculate dissolution or cementation percentage (Walderhaug, 1996; Lander et al., 1999; Meng, 2013; Randolph et al., 2015) . The simulation experiments of sandstone diagenesis including compaction, cementation and dissolution are a function of time and depth. However, most of these models connect directly with diagenesis intensity over time or depth rather than porosity variation.
The relationship between the porosity of sandstone and the buried depth, and the relationship between the porosity and buried time in sedimentary basins give an indication of the effects of depth and burial time on the evolution of porosity for the classic rocks. However, the porosity-permeability-buried depth or porosity-permeablity-buried time relationship is nonlinear, especially in reservoirs with high diagenesis.
In this research, quantitative mathematical equation models between the destructive and constructive diagenesis and pore evolution are given using the experimental data and the results of previous studies, while coefficients is taken into consideration for different diagenetic strengths in different diagenetic stages. The stronger the diagenesis, the bigger the coefficients is. Finally, based on the quantitative equations, pore evolution in burial history is simulated. On the determination of the diagenetic stages, temperature (T ), vitrinite reflectivity (R o %) and their relative weight for reservoir diagenetic stages prediction is taken into consideration, while data in individual wells are taken as constraint condition for diagenetic stages inversion calculation (Fig. 1 ).
Materials and methods

Geological setting and samples
Bozhong depression is the largest one in Bohai Basin, with a total area of about 8000 km 2 . The basin is filled with Cenozoic sediments including the Kongdian (Ek), Shahejie (Es), Dongying(Ed), Guantao (Ng), Minghuazhen (Nm) and Pingyuan (Qp) formations. The Dongying formation (Ed) division from the base to the top is the third member of Dongying formation (Ed 3 ), the second member of Dongying formation (Ed 2 ) and the first member of Dongying formation (Ed 1 ), respectively. The tectonic evolution of the basin consists of a synrift stage (65.0 to 24.6 Ma) and a postrift stage (24.6 Ma to the present), and Ed 1 reservoir sedimentation period is from about 29.7 Ma to 28.1 Ma (Lampe et al., 2012) . The target interval (Ed 1 ) is mainly composed of feldspar quartz sandstone, a few feldspar lithic quartz sandstone, and feldspar lithic sandstone.
Geology prediction technique
Diagenesis is a necessary process for the development and formation of all reservoirs, which ultimately determines the reservoir physical property (Qian, 2017) . The geology prediction technique simulates pores evolution and finally predict favorable reservoir through synthetical consideration of primary porosity, diagenetic field and diagenetic process (Fig. 2, Fig. 5 ).
Primary porosity and diagenetic stages
The research on the evolution of sandstone porosity is the indispensable basis for the analysis of diagenesis evolution, and accurate acquirement of the primary porosity is the basic prerequisite to achieve the aim. An investigation for the relations among porosity, permeability, and texture of artificially mixed and packed sand has been studied (Beard and Weyl, 1973; Scherer, 1987; Xu et al., 2018) . To characterize the characteristics of microfacies (MF), rock types (RT) and rock structures (RS), this study introduce a structural phase parameter (SPP). To unify the factors that affect the original porosity, one parameter is used. Then the model between the primary porosity and SPP to predict the primary porosity (V primary ) by Eq. (1) and Eq. (2) is established. The primary porosity has positive relationships with grain size and sorting and have negative relationships with matrix contents.
(1)
Eq. (3) is Beard and Weyl's method. In this model, RS is used to calculate primary porosity.
where V primary is primary porosity; So is sorting coefficient. It is now evident that diagenesis of clastic rock and hydrocarbon generating capacity have close relationship with diagenetic stages, and thus research on diagenetic process has important significance for petroleum exploration and development (Wilson et al., 1994; Ajdukiewicz et al., 2010; Mahmic et al., 2018) . In the sediment burial and diagenesis process, diagenetic fields and diagenetic materials vary with diagenetic stages and exerts great effect on the properties of clastic rock.
Diagenetic stages of clastic strata refers to different evolution phases in the geologic history, and its accurate examining in research area could help us find the favorable region (Meng et al., 2008; Ajdukiewicz et al., 2010) . Research on geological indexes and their combined features, mainly including paleo temperature, pore type and its contact relationship, organic characteristics and mineral features, diagenetic stages of clastic strata reservoir for different evolution phases in the geologic history is conducted (Ying et al., 2003) . 
Diagenesis and diagenetic facies
Diagenetic facies is a product of both diagenesis and diagenetic stages under the effect of tectonics, which includes rock particles, dissolution, cementation, fabric, pores and cracking. A naming scheme for diagenetic facies is proposed, such as low porosity and low porosity-coarse grained feldspar lithic sandstone-feldspar dissolution facies, which reflects lithology, diagenesis and pore permeability when diagenetic facies is divided (Zhou, 2008) . This method can describe in detail the reservoir characteristics, but it is not convenient for practical application. In essence, diagenetic facies is the sum of petrology, geochemistry and rock physics that reflect the diagenetic environment. The naming of diagenetic facies emphasizes diagenesis and diagenesis in the diagenetic environment is proposed (Chen, 1994; Zhong, 1997; Du et al., 2006) . A method taking lithology and main diagenesis into consideration describes diagenetic facies as "sandstone-cementation facies", while single factor diagenetic facies emphasizes the main diagenesis, for example, quartz secondary increase diagenetic facies. Because of the complexity of diagenesis, it is difficult to avoid the one-sided description of reservoir diagenetic characteristics for single factor diagenetic facies. Some methods emphasize the diagenesis and diagenetic process, naming the diagenetic facies with important diagenesis that determines the physical characteristics of the reservoir, such as medium strong dissolving-middle glue formation facies (Grigsby et al., 1996; Elfigih et al., 1999; Xia et al., 2012) . Sedimentarydiagenetic facies takes sedimentary facies and diagenesis into consideration, and its identification is using logging data by the use of the discriminant analysis and corresponding crossplots (Wang et al., 2017) . In this study, a new method to describe pores evolution using Eqs. (4) - (10) was proposed through synthetical consideration of diagenesis including mechanical compaction, quartz cementation, carbonate cementation, clay cementation, feldspar dissolution and carbonate dissolution and their strength in different diagenetic stages for porosity simulation. This method is connected directly with porosity variation over time or depth rather than diagenesis intensity.
On the determination of the diagenetic stages, parameters including paleo temperature (T ), vitrinite reflectivity (R o %), the highest pyrolysis peak temperature (T max ), thermal alteration index (T AI) and the proportion of smectite in illite/smectite interstratified minerals (I/S − S%) can be used for reservoir diagenetic stages division (Table 2) .
V primary = 20.91 + 22.9 So (7)
where V primary is primary pore volume, %; V −Compaction is the pore volume destroyed by compaction, %; V − M − Cementation is cementation pore volume by single mineral, %; V − M − Dissolution is dissolution pore volume by single mineral, %; P − Com is porosity loss percentage by compaction, %; P − C − M is porosity loss percentage by cementation of single mineral, %; P − D − M is porosity increase percentage by dissolution of single mineral, %; So is sorting coefficient; R − Com is porosity loss percentage by 
Diagenesis and pores evolution (A) Compaction
It has been shown that mechanical compaction is one of the main reasons for the large reduction of primary pores in the sand body. The existence of compaction has greatly reduced the primary intergranular pores, and the compaction reduction rate in some places can reach more than 50%, which greatly affects the reservoir property of the sand body. The main controlling factors for mechanical compaction are pressure intensity, composition and sorting of sediments. From the factors affecting the compaction, geological factors including buried depth, geological age, thermal maturity, temperature, deposition rate, quartz content, cementation degree on compaction are considered. A depth-dependent exponential function to study the relationship between mechanical compaction and pores evolution is established (David, 1999) .
where k 1 = (1-φ 0 )/φ 0 ; ρ s = 2650 kg/m 3 ; ρ w = 1.0×10 3 kg/m 3 ; c = 3.68 × 10 −8 Pa −1 ; g = 9.8 N/kg; z is burial depth; V Com is the volume destroyed by compaction, and ∂ 1 = 1.2, ∂ 1 = 1.0, ∂ 1 = 0.75 represent strong compaction, middle compaction and weak compaction, respectively.
(
B) Cementation
The cement types in the Ed 1 sandstone reservoirs in the Bozhong depression consist mainly of carbonates, authigenic quartz and clay minerals (Table 1) . Carbonate cement has the highest content and mainly fills primary intergranular pores and dissolution pores. The negative influence on reservoir physical property of the carbonate cements (calcite and dolomite) is much bigger than that of the cement that surrounds grains (e.g., quartz overgrowths and authigenic clay). The porosity loss percentage of carbonate cements and authigenic quartz in the Ed 1 sandstones are 7.8% ∼ 65.9% (av. 25.7%) and 0 -16% (av. 6.7%), respectively. The clay in the Ed 1 sandstones mainly includes clay matrix and authigenic clay minerals, and the latter formed during diagenetic processes. The XRD result indicates that the porosity loss percentage of clay cement in the Ed 1 sandstones is ranging from 7.8% and 46.2%, with an average of 17.5%.
The effect of destructive diagenesis on pores in burial history using models including Olac Walderhaug model for quartz cementation calculation (Eq. (12)), numerical fitting models for clay cementation calculation (Eq. (13)) and carbonate cementation calculation is calculated (Eq. (14)). The equations of adsorption thermodynamics and adsorption kinetics to describe carbonate and clay cementation characteristics have been used (Tribble et al., 1995; Meng et al., 2006; Jin et al., 2009 ), but carbonate and clay cementation percentage with time or depth in previous studies is not. Thus, new methods to discuss their effect on pores evolution based on individual well data in study area are used (Fig. 3, Fig. 4) .
where a = 1.98 × 10 −22 moles/cm 2 s; b = 0.022 • C −1 ; M is the molar mass of quartz (60.09 g/mole); ρ is the density of quartz (2.65 g/cm 3 ); T is reaction temperature ( • C); V q2 is the amount of quartz cement (cm 3 ) precipitated from time T 1 to T 2 ; V q1 is the amount of quartz cement present at time T 1 ; A 0 is initial quartz surface area; ∂ 2 is cementation strength, and ∂ 2 = 1.2, ∂ 2 = 1.0, ∂ 2 = 0.75 represent strong quartz cementation, middle quartz cementation and weak quartz cementation, respectively.
where X is burial depth, m; V Clay Cem is porosity destroyed by clay cementation. ∂ 3 is cementation strength, and ∂ 3 = 2, ∂ 3 = 1.0, ∂ 3 = 0.5 represent strong clay cementation, middle clay cementation and weak clay cementation, respectively.
where X is burial depth, m; V Car Cem is porosity destroyed by carbonate cementation. ∂ 4 is cementation strength, and ∂ 4 = 2, ∂ 4 = 1.0, ∂ 4 = 0.5 represent strong carbonate cementation, middle carbonate cementation and weak carbonate cementation, respectively. (C) Dissolution Dissolution in the Ed 1 sandstones mainly occurred in feldspars and carbonate. The porosity increase percentage of feldspars in the fine sandstone, siltstone and argillaceous siltstone are 4.1% ∼ 15.5% (av. 9.9%), 0% ∼ 27.0% (av. 15.6%), and 0%, respectively, while the porosity increase percentage of carbonate in the fine sandstone, siltstone and argillaceous siltstone are 0% ∼ 59.9% (av. 22.9%), 0%, and 0% ∼ 7.4% (av. 2.5%), respectively.
The effect of constructive diagenesis on pores in burial history is calculated using models including Pan Gaofeng's model for feldspar dissolution calculation (Eq. (15)) and Craig's model for quartz dissolution calculation (Eq. (16)). Because carbonate dissolution percentage with time or depth have not been discussed in previous studies, new methods are used to discuss their effect on pores evolution based on individual well data in study area (Fig. 3, Fig. 4 , Eq. (17)).
where t is reaction time, Ma; ∆φ is porosity variation, %; t 1 is temperature at 70
• C for the first time, Ma; t 2 is temperature at 90
• C for the first time, Ma; ∆t = t 1 − t 2 ; V F el Dis is po- 
where T is temperature, • C; ρ is the density of water, g/cm 3 ; V Qua Dis is porosity reconstructed by quartz dissolution. ∂ 6 is cementation strength, and ∂ 6 = 1.2, ∂ 6 = 1.0, ∂ 6 = 0.45 represent strong quartz dissolution, middle quartz dissolution and weak feldspar quartz, respectively.
V Car Dis = ∂ 7 1.014 × 10 −13 X 4 − 1.041 × 10 −9 X 3 +2.636 × 10 −6 X 2 + 3.743 × 10 −4 X + 0.09743 (17) where X is burial depth, m; V Car Dis is porosity reconstructed by carbonate dissolution. ∂ 7 is dissolution strength, and ∂ 7 = 2, ∂ 7 = 1.0, ∂ 7 = 0.5 represent strong carbonate dissolution, middle carbonate dissolution and weak carbonate dissolution, respectively. The present pore volume (V present ) is calculated using Eq. (18), while the simulation process is described using Fig. 5 .
Results and interpretation
Diagenetic stages types and its corresponding effect on reservoir evolution
The major diagenetic processes that influence the porosity of the Ed 1 clastic sandstones in the Bozhong depression are mechanical compaction, carbonate cementation, quartz cementation, clay cementation, feldspar dissolution and carbonate dissolution (Table 1) . Based on diagenesis of the Ed 1 clastic sandstones and diagenesis models, pore evolution in burial history can be restored (Fig. 8) . Meanwhile, data in individual well is for the constraint condition for inversion calculation. In the simulation process, different diagenetic stages have different diagenetic strength, which has a close relationship to diagenetic coefficient ∂.
The Ed 1 reservoir in the Bozhong depression experienced the process of shallow burial to deep burial (Fig. 6) . At the same time, diagenesis intensify from the early diagenetic stage A (IA) to the early diagenetic stage B (IB), and finally to middle diagenetic stage A1 (IIA1) (Fig. 7) . The type of diagenesis changed regularly with diagenetic stages. In the early diagenetic stage A, the main diagenesis is mechanical compaction, clay cementation and carbonate cementation. The porosity loss by mechanical compaction, clay cementation and carbonate cementation is ranging from 6.4% ∼ 11.8% (av. 9.7%), 2.1% ∼ 4.9% (av. 3.5%), 2.6% ∼ 6.9% (av. 5.3%), respectively. In the early diagenetic stage B, the main diagenesis is feldspar dissolution, and the porosity increase by feldspar dissolution is ranging from 0.6% ∼ 5.9% (av. 2.5%). In the middle diagenetic stage A1, quartz enlargement and authigenic kaolinite are commonly developed. The main diagenesis types of sandstones in middle diagenetic stage A1 are mechanical compaction and dissolution (Fig. 8) .
Evolution of diagenetic facies
Based on Table 3 , the type of diagenetic facies also changed regularly with diagenetic stages (Fig. 9) . In the early diagenetic stage A, the main diagenetic facies is A-2, clay-B-3, carbonate-B-2 and carbonate-B-3. In the early diagenetic stage B, the main diagenetic facies is A-2, clay-B-2, clay-B-3, carbonate-B-2, carbonate-B-3 and feldspar-C-2. In the middle diagenetic stage A1, the main diagenetic facies is quartz-B-2 and feldspar-C-2. The compaction strength decreases with the buried depth, while the intensity of quartz cementation and feldspar dissolution increases with diagenetic process (Fig. 7) . Diagenetic facies is a product of both diagenesis and diagenetic stages under the effect tectonics, which includes rock particles, dissolution, cementation, fabric, pores and cracking. Different diagenetic facies indicates different diagenetic environment and diagenetic process.
Discussion
Diagenetic evolution sequence
Numerically, diagenesis stage, diagenesis type, and diagenesis sequence are identified to understand diagenesis mode. The main diagenesis types of sandstones in early diagenetic stage A is mechanical compaction, while cementation and dissolution are undeveloped. The main diagenesis types of sandstones in early diagenetic stage B is mechanical compaction, clay cementation, quartz cementation and carbonate cementation, while dissolution is undeveloped. The main diagenesis types of sandstones in middle diagenetic stage A1 is feldspar dissolution and carbonate dissolution, while mechanical compaction and cementation is undeveloped (Fig. 10) . Paragenetic sequence of the main diagenetic processes for the Ed 1 reservoir includes middle compaction-weak cementationweak dissolution, middle compaction-carbonate cementationweak dissolution and middle compaction-weak cementationstrong dissolution.
Diagenesis is a complex process. The types and intensity of diagenesis are influenced not only by the original material composition but also by the fluid field in different diagenesis stages (Ying et al., 1997; He et al., 2004) . For the same diagenesis in the study area, it has different diagenetic evolution sequence in burial process. For example, there are three evolutionary sequences for compaction in the burial history. The first type is medium intensity compaction to medium intensity compaction to medium intensity compaction from early diagenetic stage IA to early diagenetic stage IB to middle diagenetic stage IIA1. The second type is medium intensity compaction to strong intensity compaction to medium intensity compaction from early diagenetic stage IA to early diagenetic stage IB to middle diagenetic stage IIA1. The third type is strong intensity compaction to medium intensity compaction to medium intensity compaction from early diagenetic stage IA to early diagenetic stage IB to middle diagenetic stage IIA1 (Fig. 10 ).
Pore evolution model
At present, the numerical simulation methods fall into two major categories. The first category is based on physical or chemical model, which use single factor model to simulate the effect of diagenesis on pores while the other one only considers the comprehensive results of diagenesis on pores, but not caring about concrete diagenesis (Zhang et al., 2013; Wang et al., 2017) . In this study the effect of different diagenesis on pores in burial history is firstly simulated, and then a synthetic equation model was established, which can be used to compute the porosity of clastic reservoirs, particularly on reservoirs with low porosity and low permeability. This paper takes the characteristics of present porosity as the cut-in point. The porosity evolution process has two aspects including constructive diagenesis (compaction and cementation) and destructive diagenesis (dissolution), and the two aspects constitute the total porosity evolution process.
Based on diagenesis of the Ed 1 clastic sandstones and diagenesis models, pore evolution in burial history is restored (Fig. 8) . Meanwhile, data in individual well is for the constraint condition for inversion calculation. In the simulation process, different diagenetic stages have different diagenetic strength, which has close relationship to diagenetic coefficient ∂. It is shown that the porosity-permeability-buried depth or porosity-permeablity-buried time relationship is non-linear, especially in reservoirs with high diagenesis. Using coefficient ∂ for different diagenetic strength in different diagenetic stages could make the predicted porosities match the measured porosities well.
Conclusions
A new method is presented for porosity simulation of Ed 1 reservoir in the Bozhong depression. The method is primarily based on the identification of diagenetic stages, diagenesis and its intensity. The workflow of the method is as the following: Firstly, based on previous study and data in individual wells, the diagenetic models are established. Secondly, burial history, paleo temperature and vitrinite reflectivity can be determined using PetroMod 2013 to simulate diagenetic stages evolution in burial history. Thirdly, due to the measured data in individual well including diagenesis and its strength, pore evolution in burial history is simulated. Finally, the reservoirs porosity is predicted accurately without using core data. The method is to predict the reservoir diagentic of the Ed 1 lake sandstones in the west of Bozhong sag, Bohai Bay Basin. tional Science and Technology "Large Oil and Gas Fields and CBM development" (Grant No. 2016ZX05027). Our grateful thanks are due to Shanghai Branch of CNOOC Ltd. for their help in providing geological data. Thanks are also due to anonymous reviewers for their constructive suggestions.
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